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Changes in Atmospheric Circulation and
Ocean Ice Cover over the North Atlantic
During the Last 41,000 Years

P. A. Mayewski,* L. D. Meeker,T S. Whitlow, M. S. Twickler,
M. C. Morrison, P. Bloomfield, G. C. Bond, R. B. Alley, A. J. Gow,
P. M. Grootes, D. A. Meese, M. Ram, K. C. Taylor, W. Wumkes

High-resolution, continuous multivariate chemical records from a central Greenland ice
core provide a sensitive measure of climate change and chemical composition of the
atmosphere over the last 41,000 years. These chemical series reveal a record of change
in the relative size and intensity of the circulation system that transported air masses to
Greenland [defined here as the polar circulation index (PCI)] and in the extent of ocean
ice cover. Massive iceberg discharge events previously defined from the marine record are
correlated with notable expansions of ocean ice cover and increases in PCI. During stadials
without discharge events, ocean ice cover appears to reach some common maximum level.
The massive aerosol loadings and dramatic variations in ocean ice cover documented in
ice cores should be included in climate modeling.

During the last glaciation, the North At-
lantic region experienced major changes in
climate relative to the Holocene (the most
recent 10,000 years). The most obvious and
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dramatic of these changes consisted of vari-
able length stadial (cold) and interstadial
(milder) periods. The major ion series (I)
collected as part of the Greenland Ice Sheet
Project Two (GISP2) (72.6° N, 38.5° W,
3200-m elevation) provide a particularly
sensitive monitor of these events. This
multivariate suite of time series reveals a
record of variability in the major soluble
constituents of the atmosphere over Green-
land .(2, 3) that can be used to interpret
response to climate change (changes in
atmospheric circulation and ocean ice cov-
er extent) and the potential influence of
several major climate forcing agents (dust
loading, ocean ice cover, and ice sheet
stability).

We analyzed the GISP2 calcium, chlo-
ride, sulfate, sodium, magnesium, potassi-
um, ammonium, and nitrate ion series cov-
ering the last 41,000 years (Fig. 1). A
previously identified antiphase relation be-
tween oxygen isotopes and dust (4, 5)
holds, to a variable degree, between oxygen
isotopes and many ion species (Fig. 1). It is
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the common features among the multivari-
ate ion species and the contrasting diver-
gence from that commonality by individual
ion records that provide the detailed view
of atmospheric circulation over the North
Atlantic that we discuss below.

Because the two primary sources for
chemical species transported to the Green-
land atmosphere are terrestrial dusts and
marine surfaces (2), we focus here on
changes in the chemical series that monitor
these sources. Quantities for these two
sources (Fig. 2) were estimated by partition-
ing (6) calcium, chloride, sulfate, sodium,
magnesium, and potassium into sea salt and
excess (total minus estimated sea salt) con-
tributions. Excess quantities were then
combined to provide an estimate of terres-
trial dust. Stadials (low oxygen isotope
events) are characterized by synchronous
increases in both dust and sea salt, whereas
relatively low concentrations of both com-
ponents are typical of the interstadials
(high oxygen isotope events).

Neither ammonium nor nitrate concen-
trations (Fig. 1) are accounted for in the
dust and sea salt estimates. These two
species represent less than 8% of the total
soluble ionic loading of the atmosphere
during the pre-Holocene and display only
subtle to minimal variation in that portion
of the record. Because interpretation of the
concentration records is not straightforward
(7), our discussion is limited to the remain-
ing six GISP2 ion series.

Dust and sea salt concentrations differed
significantly during the Holocene, stadials,
and interstadials [including during the
Bolling/Allerod (B/A)]: 11 and 17, 267 and
165, and 52 and 72 parts per billion (ppb),
respectively. Ionic balance determinations
revealed other differences. During the gla-
cial period, at least 50% of the calcium was
in the form of CaCOj, with the remainder
of the calcium and other cations in the form
of compounds such as NaCl, NaNO3,
CaSO,, and (NH,),SO,, (3). This distribu-
tion is a significant departure from the
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generally more acidic Holocene atmospher-
ic conditions over Greenland. In addition
to changes in the magnitude of mean dust
and sea salt values, these series also display
greatly enhanced decadal scale variations,
most notable in the dust series during sta-
dial events (Fig. 2). This evidence further
substantiates previous findings of frequent,
rapid (decadal scale), and massive atmo-
spheric changes during the last ~41,000
years (3, 5, 8).

Although there was a general synchro-
nous increase and decrease in sea salt and
dust levels during stadials and interstadials,
the two records differ in an important way.
Sea salt levels appear much the same during
all stadial events, but the dust record re-
veals important differences (Fig. 2). During
several stadials [for example, around 40, 30,
and 24 thousand years ago (ka)], excess
calcium and excess sodium concentrations
(as well as excess potassium and magne-
sium) (Fig. 1) were significantly higher
than the general stadial background. These
dust increases most likely reflect periods
during which atmospheric circulation ex-
panded to include new source regions over
continents and continental shelves or in-

tensified over such regions. Because sea salt
levels do not increase concurrently, in-
creased wind speed alone cannot account
for the dust increase.

The chemical species were not trans-
ported to Greenland as single ion species
but, rather, as components of chemical
compounds carried within air masses having
their own chemical signatures characteristic
of source and transport histories. This sug-
gests that multivariate time series analysis,
with its capacity to describe and highlight
differences and similarities among the spe-
cies, may provide the most direct view of
paleoatmospheres. For this reason, we in-
vestigated the joint behavior of the chem-
ical species calcium, chloride, sulfate, po-
tassium, magnesium, and sodium (Fig. 1)
using analysis based on an empirical orthog-
onal function (EOF) (3, 9) decomposition
[the ammonium and nitrate series were
excluded from this analysis (7)].

In the EOF analysis, the data matrix
(which measures m = 6 species by N =
8450 samples) is factored into the product
of the m X m matrix V of eigenvectors of
the correlation matrix and the m X N
matrix W (9). The first EOF, EOF1, based

on the product of the first column of V and
the first row of W (9), displays the domi-
nant multivariate chemical association
among the series (Fig. 2). In this mode, all
species have approximately the same (nor-
malized) magnitude (eigenvector compo-
nents are 0.41, 0.41, 0.40, 0.41, 0.42, and
0.42 for calcium, chloride, sulfate, potassi-
um, magnesium, and sodium, respectively).
This eigenmode explains 92% of the total
variance in the combined six series. Com-
ponents of the EOF that explain a large
proportion of the variance in a multivariate
series are commonly found to have impor-
tant physical significance (3, 9). In this
case, an underlying physical process capable
of explaining such a high degree of variance
and combining so many chemical species
sources and transport histories must be a
large-scale dominant feature of the atmo-
spheric system. We propose, as for a similar
glaciochemical association during the
Younger Dryas (YD) (3), that EOF1 pro-
vides a description of the “background”
atmosphere. Because EOF1 provides a lin-
ear model of an atmosphere in which all six
species increase or decrease together in
constant proportions, this background at-

Fig. 1 (left). Robust spline
smooth (20) versions (20%

aE o% smoothing) of the original
s oE calcium, chloride, sulfate,
& sodium, magnesium, po-
= tassium, ammonium, and
SE 55 nitrate series for the period
8 S from the present to 41 ka
o ~
=~ (total number of samples,
8450). Sample resolution
= L oo
_a 35 for the original series is ~2
og g years through the Ho-
= @ locene, a mean of 3.48
K, i years within the Younger
-3 o5 ! Dryas (YD) and the Boll-
Qe 88 ! ing/Allerod (B/A), and ~3
= o A to 15 years for the remain-
« ! der of the record. Oxygen
I f,g ! isotope values are pre-
xa g& ! sented as a robust spline
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- 207 : : P of the original 1 sample/m
@~ [ | . . .
o8 LeTw } ' Lt series. Dating is based on
=8 gl 0- continuous multivariate an-
= — — nual layer counting (8, 21).
3 5 400 ! ot Cumulative age errors are
5 aa : At 2% (0 to 11.64 ka)-and 5%
] Q 0 2
Z8 2~ ] | At (11.64 to 41 ka) (8). Inter-
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- - 04 3 .
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Zs og -1001 i i R (same as Fig. 1) followed
w00ttt by dust, sea salt, excess
Y 10,000 20,000 30,000 40,000 calcium, and excess sodi-
S Years before present um calculated from the
z8 original chemical series
! ! (6) plus EOF1 in normalized units (PCl) and EOF2 calcium and EOF2 chloride in their
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mosphere is, by definition, a well-mixed
atmosphere. For purposes of discussion, we
define the normalized time series associated
with EOF1 as the polar circulation index
(PCI), a relative measure of the combined
intensity and overall size of the circulation
system that produces the well-mixed back-
ground atmosphere over Greenland.

The large-scale atmospheric circulation
patterns capable of transporting sea salt and
dust to central Greenland are dominated by
westerly or meridional patterns in the cir-
cumpolar vortex. Important locations for
the incorporation of sea salt and dust into
these circulation patterns are the regions of
strong cyclogenesis that form along marine
and atmospheric thermal gradients (10).
These are believed to have been significant-
ly steepened by the radiative influence of
ice sheets during the last glaciation (11).
The presence of this continental ice cover
also led to the increased production of sea
ice in the North Atlantic (12). Thus, the
sea salt measured in our record (Fig. 2)
traveled from more distant marine surfaces
during the glacial age portion of our record,
and the increase in sea salt during this
period of sea ice expansion must have been
caused largely by intensified aerosol incor-
poration at the sea ice margin. Primary dust
sources would, of course, have been south
of the main ice cover and their incorpo-
ration or absence in air masses transported
to Greenland would have signaled passage
of this circulation to the south of the ice
sheets or entirely over them (source region
totally ice covered), respectively.

The relative influence of a well-mixed
atmosphere (EOF1) compared to a more lo-
cally influenced atmosphere can be explored
by examining the variance explained by the
first EOF calculated over different time inter-
vals. The EOF analyses over the Holocene,
YD, B/A, all stadials combined, and all inter-
stadials combined yield, essentially, the same
dominant eigenvector (all normalized compo-
nents approximately equal), whereas the vari-
ation among the six ion series explained by
the first mode varies considerably. The per-
centages of total variance explained by the
first EOF calculated for each of the different
time periods are 51% (Holocene), 71% (YD),
66% (B/A), 72% (all interstadials combined),
and 80% (all stadials combined).

“From this analysis, it is clear that the
relative influence of the dominant EOF is
greater.during cold periods (YD and stadi-
als) than it is during the milder periods
(Holocene, B/A, and interstadials) . During
the Holocene period, nearly 50% of the
series variance is attributable to non-EOF1
processes involving air masses with other
chemical signatures—for example, those
containing primarily marine or primarily
terrestrial species. A slightly increased role
for EOF1 during the B/A and interstadial

periods indicates an increase and growth in
the well-mixed circulation pattern. During
the colder periods, the well-mixed model
becomes increasingly important, indicating
a circulation pattern of such size and
strength that intrusions to Greenland by
less well mixed air masses are of minor
importance.

When applied to the total 41-ka record,
EOF1 explains 92% of the overall variance
of the six chemical series. With such a
dominant mode, the remaining eigenmodes
would not, typically, be expected to be
statistically distinguishable. However, in
this instance, Bartlett’s test (13) for equal-
ity of the five smallest eigenvalues is highly
significant (P < 0.0001), and therefore, it
is reasonable to examine the relations asso-
ciated with other EOFs. Although the re-
maining variance, which is distributed
among the other five EOFs, is of little
significance in the multivariate frame, indi-
vidual ion species do display significant
deviations from the linear model.

Notably, EOF2 [based on the second
column of V and second row of W (9)]
explains 8% of the variance in both the
calcium and the chloride series (EOF1 and
EOF2 account for approximately 98% of
the total variance of the calcium and chlo-
ride series). Unlike EOF1, the predomi-
nantly terrestrial calcium and the predom-
inantly marine chloride species are oppo-
sitely loaded on EOF2. This implies that
positive excursions from the mean for this
component of calcium are accompanied by
negative excursions from the mean by chlo-
ride values (Fig. 2). Note that this estimate
of chloride behavior was calculated inde-
pendently from our chemical determination
for sea salt (6). The EOF2 series reveals
several prominent periods when calcium
was high, chloride was low, and sea salt
remained relatively unchanged (Fig. 2).
These periods coincide with those already
identified as having had increased dust lev-
els (around 40, 30 and 24 ka, for example)
as a result of changes in circulation or
intensified transport. Periods during which
there was a coincident decrease in EOF2
chloride reflect times when sea salt was
transported from even more distant sources
than predicted by the PCI model (greater
fractionation of the sea salt aerosol and
progressively less chloride). Therefore, pe-
riods characterized by relatively high sea
salt concentrations that are accompanied
by decreased EOF2 chloride levels monitor
expansions of ocean ice cover relative to
the PCI model.

To investigate the type of ocean ice
cover influence observed in our record (sea
ice or iceberg), we included the location of
Heinrich (H) layers [marine layers rich in
ice-rafted debris and poor in foraminifera
(14) that represent massive iceberg dis-
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charge events and attendant cooling of
surface waters (15)]. Marine H layer timing
has already been matched to Greenland Ice
Core Project (GRIP) oxygen isotope events
to reveal cooling cycles that culminate in
these iceberg discharge events (16). For the
period examined here, GRIP and GISP2
oxygen isotope events coincide exactly
(17), allowing the placement of the H layer
events on Fig. 2.

All stadial events are characterized by
increases in sea salt and dust, but promi-
nent increases in excess calcium and excess
sodium (Fig. 2) are coincident with three H
events (H4, H3, and H2). During these
events, EOF2-derived calcium and chloride
components show large increases and de-

2000 A Dust

Concentration (ppb)

6004 —— Dust
| ---- Sea salt
...... Chloride

400

20 T

R
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Fig. 3. Concentration of (A) dust, (B) sea salt,
and (C) EOF2-derived chloride versus PCI (nor-
malized EOF1). N = 8540 points per ‘series.
Linear and cubic approximations to the data
are included. Because EOF2 chloride is uncor-
related to EOF1, a linear approximation is not
presented for (C). (D) Summary comparison of
the cubic approximations.

1749




creases, respectively. The two remaining H
events believed to occur during the study
period (H1 and YD) (16) are characterized
only by increased excess sodium, which
may not be surprising because H1 was pre-
viously suggested to have a different ice
sheet—climate relation than other H events
(16) and YD, unlike other H events, oc-
curred during the deglaciation. One H-like
event (H2a), characterized by the same
chemical signatures as H4 through H2, is
also evident in our record. Further exami-
nation of the marine record may reveal this
H-like event. All of the H and H-like
events except H1 and YD were accompa-
nied by higher PCI values and, on the basis
of calcium and chloride EOF2 records, rel-
atively expanded ocean ice cover.

As discussed above, the PCI describes
the behavior of a linear model of the six
species concentrations. The climate sys-
tem, however, may be largely nonlinear,
and linear approximations based on one or
two EOFs may obscure important nonlin-
earities in the records. To explore this
possibility, we compared the independently
derived dust and sea salt and the EOF2
chloride series with the PCI series (Fig. 3).
Nonlinear departures from the PCI model
are confirmed by cubic polynomial regres-
sion models (R? = 0.96 for each series and
coeficient t > 10 in each instance).

These regression curves provide the basis
for an objective classification of Greenland
atmospheric conditions (Fig. 4). For low
values of the PCI, the sea salt mean value is
somewhat larger than that of the dust. This
difference increases to a maximum at PCI =
0, which we take as the upper limit defining
one atmospheric state. The difference be-
tween the two curves then decreases until
they intersect at PCI = 1.5, which we
define as the upper limit for another atmo-
spheric state. For larger values of PCI, the
regression curve for the dust series lies
above that of the sea salt series. At PCI
values of ~5, the cubic regression curves
intersect their respective linear approxima-
tions and begin a rapid departure from
linear growth (dust increases while sea salt
and EOF2 chloride decrease). Accordingly,
PCI = 5 is taken as the boundary dividing
two other atmospheric states.

All stadials attain a PCI = 5, but only
stadials associated with H and H-like events
have PCI values that rise markedly above 5
over periods spanning more than decades
(single spikes represent sample resolutions
of ~3 to 15 years). At PCI = 5, there is
significantly more dust than sea salt in the
atmosphere over Greenland, and sea salt
and EOF2 chloride concentrations are low-
er than predicted by the model (longer
transport results from expanded ocean ice
cover and more fractionation of the sea salt
aerosol). The ocean ice cover expansions
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Fig. 4. Atmospheric states plotted on the PCI
model (EOF1 in normalized units).

documented by these changes and atten-
dant changes in albedo would have contrib-
uted significantly to an intensification and
expansion of the circulation system feeding
Greenland. Our record, therefore, reveals
the atmospheric response to these massive
iceberg discharge events (ice sheet instabil-
ities). Because dust concentrations exceed
those predicted in the PCI linear model, it
is possible that new continental and conti-
nental-shelf source regions were incorporat-
ed into this circulation. By the termination
of H2, the most dramatic iceberg discharge
events appear to have ceased (Fig. 4).
Values of PCI from ~1.5 to 5 include

'most of the timing of the non-H related

stadials and much of the YD. Sea salt and
EOF2 chloride are higher than expected in
the linear model and dust is lower, although
there is still more dust than sea salt in the
atmosphere. Sea ice extent was less relative
to periods when PCI values >5 existed as
demonstrated by relatively high sea salt as-
sociated with relatively high EOF2 chloride
values (less fractionation). However, dust
levels are lower than expected, suggesting
relatively reduced areal extent of the circu-
lation system feeding Greenland (consistent
with decreased sea ice cover). All of the
stadials not associated with H layers appear
to reach a common upper level of PCI and
sea salt at some time during their existence,
suggesting a maximum possible expansion of
sea ice extent, exclusive of further cooling
induced by iceberg discharge, presumably
controlled by the basin configuration of the
North Atlantic.

Values of PCI between ~0 and 1.5, in
general, characterize the periods of stadial
onset and decline [relatively rapid periods
on the order of decades (3, 5, 8)]. Although
sea salt and dust concentrations gradually
converge until PCI = 1.5, when dust levels
rise above sea salt, the dust and sea salt
changes generally follow the linear PCI
model. The EOF2 chloride is high relative
to the PCI model, suggesting reduced sea
ice extent relative to the model. The gen-
erally linear buildup of both dust and sea
salt suggests that atmpspheric mixing is the
more dominant process controlling atmo-
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spheric composition at these times. Hence,
the periods of rapid onset and decay of
stadials appear to be characterized by turbu-
lent atmospheric conditions. Because dust
levels exceed those for sea salt at PCI = 1.5
and yet both continue to increase above
this value, there must be a control on sea
salt incorporation. We suggest that the
control is sea ice growth, which builds
during periods of stadial onset and decays
during periods of stadial decline. At ~1.5,
sea ice extent is large enough that the
transport distance from the sea ice edge to
Greenland limits the receipt of sea salt to
Greenland.

The Holocene, almost all of the B/A,
and all interstadials are characterized by
PCI < 0. These periods display the greatest
overall difference from the PCI model be-
cause the linear model calculation is dom-
inated by the pre-Holocene record.

The presence of continental ice sheets
during the last glaciation and YD provided
conditions suitable for relatively unstable
conditions (massive and rapid changes in the
size and intensity of the PCI and ocean ice
cover) relative to the Holocene. Increases in
the PCI were accompanied by increased
levels of terrestrial and sea salt aerosols.
These massive and rapid aerosol loading
events may have contributed to shielding of
incoming solar radiation and may partly
explain the duration of the stadial events.
The' rapid, massive fluctuations in sea ice
and iceberg extent that we document may
have played a major role in the radiation
balance and thermohaline circulation of the
ocean. Changes in ocean ice cover have the
potential to significantly magnify surface and
lower tropospheric temperature over marihe
surfaces and consequently affect meridional
temperature gradients and zonal atmospheric
circulation (18). For all stadials, except
those related to iceberg discharge events,
there appears to have been an upper limit to
sea ice extent. It remains to be seen whether
the iceberg discharges were driven by exter-
nal climate forcing or internal ice sheet
dynamics and whether the sea ice fluctua-
tions were purely a response to climate
change or a major contributor. However,
the changes in atmospheric circulation and
ocean ice cover monitored by our glacio-
chemical records appear to respond rapidly
enough to yield direct evidence of the effects
of climate forcing, and future study of such
events should prove valuable in constraining
the significance and character of climate
forcing agents.
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Gallium Arsenide Transistors: Realization Through
a Molecularly Designed Insulator

Phillip P. Jenkins, Andrew N. Maclnnes, Massood Tabib-Azar,*
Andrew R. Barronf{

A GaAs-based transistor, analogous to commercial silicon devices, has been fabricated
with vapor-deposited cubic GasS as the insulator material. The n-channel, depletion mode,
GaAs field-effect transistor shows, in addition to classical transistor characteristics, a
channel mobility of 4665.6 square centimeters per volt per second, an interfacial trap
density of 10" per electron volt per square centimeter, and a transconductance of 7
millisiemens for a 5-micrometer gate length at a gate voltage of 8 volts. Furthermore, the
GaAs transistor shows an on-to-off resistance ratio comparable to that of commercial

devices.

Goallium arsenide (GaAs) has over the last
decade become the semiconductor material
of choice in a number of “niche” applica-
tions: for example, optoelectronics [lasers
and light-emitting diodes (LEDs) for optical
communications and consumer electron-

-ics]), microwave monolithic integrated cir-

cuits (MIMICs) (used in wireless commu-
nications such as cellular telephones), and
very high frequency analog and digital sig-
nal-processing circuits (used for high—data-
rate real-time processing) (1-3). However,
except for specialty, primarily military, ap-
plications, GaAs has been unable to com-
pete with silicon technology in the area of
digital electronics.

At present, logic circuits, such as those
used in the central processing unit of a
modern personal computer, are based on
silicon complimentary metal-oxide-semi-
conductor (CMOS) circuits, the basic com-
ponent of which is a metal-oxide-semicon-
ductor field-effect transistor (MOSFET)
(4). Requirements for the development of
the next level in digital electronics include
greater speed, lower power consumption,
and the incorporation of optoelectronics
directly into the circuits (5). It has long
been known that GaAs and related III-V
compound semiconductors are faster than
silicon (up to six times), and because of
their direct band gap, they have the poten-
tial for the development of on-chip opto-
electronics. However, present GaAs tech-
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nology in the field of digital electronics
(logic circuits) is limited by the inability to
manufacture a GaAs analog of a MOSFET
device, that is, a metal-insulator-semicon-
ductor FET (MISFET) (6).

Present GaAs FET devices are metal-
semiconductor FETs (MESFETs), which
while faster than silicon MOSFETs suffer
from several drawbacks. First, MESFETs
consume more power than MISFETs. The
undesirable power consumption is one of the
barriers to very large scale integration
(VLSI) of GaAs-based circuits. Second, the
lack of any insulator between the gate and
the channel results in large current conduc-
tion through the gate electrode. To circum-
vent the problems of current leakage across
the gate, device architects must implement
highly intricate and complex circuit designs.
Because both of these problems are inherent
in MESFET devices and are not readily
solved, the entry of GaAs into the main-
stream of high-performance digital electron-
ics has been inhibited. To overcome the
limitations of both silicon MOSFETs and
GaAs MESFETs, it is thus necessary to
develop GaAs-based MISFET devices.

The MISFET was first proposed in the
1930s by Lilienfeld (7) and Heil (8). We
acknowledge earlier attempts to produce a
GaAs MISFET (9), but a combination of
either poor gate passivation (10) and insu-
lating properties (11) or processing difficul-
ties have precluded its realization (12). An
ideal gate material for a MISFET device
would have the following properties: a high
band gap (insulating) material with.low
electrical conduction, a large breakdown
field, good chemical and operational stabil-
ity, and good interface properties with the
chosen semiconductor (13). Furthermore,
the following properties, although not nec-
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